A number of organic crystals show anisotropic excitonic couplings, with weak interlayer interactions between molecules that are more strongly coupled within the layers. The resulting energy carriers are intralayer 2D excitons that diffuse along the interlayer direction. We model this analytically for infinite layers and using quantum-chemical calculations of the electronic couplings for anthracene clusters. We show that the exciton hopping rates and diffusion lengths depend in a subtle manner on the size and shape of the interacting aggregates, temperature, and the presence of energetic disorder. Energy transport plays a key role in the working principle of, among others, organic photovoltaic (PV) devices [1] . The limited exciton diffusion length, L D , in conjugated polymers [2] is one of the main bottlenecks to the PV efficiencies and has triggered the development of complex architectures based on donor-acceptor bulk heterojunctions. An alternative approach to improve the harvesting of energy carriers in organics is provided by multilayer structures based on well-defined molecular materials. The larger L D values measured for small molecules are usually ascribed to reduced energetic disorder [3] [4] [5] . Another key parameter is the magnitude of the excitonic coupling mediating energy transport, which is a subtle function of both the relative molecular arrangements and conjugation length of the interacting chromophores [6] .
In a recent work on pentacene-C 60 bilayer PV cells, an L D value in excess of 70 nm has been reported [1] . Pentacene (as well as other polyacenes like anthracene) crystallizes according to a 2D herringbone structure with much larger excitonic interactions in the ab plane compared to interplane couplings. In [1] the pentacene molecules were evaporated using a layer-by-layer deposition technique, so that L D is likely limited by energy transport along the c axis, i.e., by interlayer (inter-ab plane) exciton motion. Within the framework of Förster energy transfer (ET) theory the small interlayer coupling is apparently at odds with the large L D value.
In this Letter, we develop a general model describing energy transport in polycrystalline organic thin films showing highly anisotropic excitonic interactions, with strong couplings in the layers and weak couplings between the layers. In such structures, the electronic excitations are coupled coherently in the layers forming 2D or ''plane wave'' exciton states as the primary energy carriers. The energy diffusion dynamics can then be described by hopping of these 2D Frenkel excitons from one layer to the other according to a Förster-like picture [7] . We first develop an analytical model for hopping of 2D excitons in a model system formed by two infinite layers of molecules (each with one molecule per unit cell). Quantum-chemical calculations are then performed: (i) on the model system to analyze the influence of layer topology (H vs J aggregate), interlayer separation and temperature; and (ii) on finite clusters of a prototypical 2D herringbone organic crystal, anthracene to get a quantitative picture of energy diffusion in organic crystals. In particular, we demonstrate how the interlayer component of the singlet exciton diffusion length can be increased by intralayer delocalization of the excitons, which itself is fixed by the size and shape of the aggregates and the magnitude of diagonal energetic disorder.
For randomly distributed point donor and acceptor dipoles as assumed in Förster theory the ET rate follows a ðR 0 =rÞ 6 distance dependence, where R 0 is the Förster radius. The applicability of the Förster formula to describe ET in chemical and biological systems has been examined in [7] . In particular, at close donor-acceptor separation, the point dipole approximation breaks down and results in a departure from the 1=r 6 dependence [8] . If, however, the interlayer separation is large compared to the molecular dimensions (as typically found in oligoacenes), the standard Förster expression for a localized excitation can be easily generalized to one point dipole interacting with a 2D or 3D assembly of point dipoles; the corresponding rate scales as ðd 0 =dÞ n with n ¼ 4 for a sheet of dipoles and n ¼ 3 for a slab, where d 0 is the critical transport distance [9] . Note, that experimentally, values of d 0 larger, similar, or even smaller [10] [11] [12] to R 0 have been reported.
The dipole summation approach has been successfully applied to account for the exciton band structures and Davydov splitting in oligoacenes [13, 14] . Dipole summations in the plane converge quickly [14, 15] and, when applied to nonequivalent molecules, provide a quantitative picture of the Davydov splitting in anthracene. However, the first and most important term in the sum corresponds to the electronic coupling between equivalent transition dipoles. Here we apply the two-dimensional dipole sum approach to investigate a model system formed by two infinite layers with one molecule per unit cell and strong (weak) interactions between the molecular transition di-
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with È p;1 the excited molecular wavefunction on site p in layer 1,l ¼p Àq and f p;1 the ground state molecular wave function at site p in layer 1 (see Fig. 1 ).
For dipoles parallel to each other and perpendicular to the molecular layers, i.e., for molecules adopting H aggregate-like configurations [see Fig. 1(a) ], the electronic coupling Eq. (1) takes the form:
is the distance between the (infinite) layers and is the molecular transition dipole moment. In the continuum approximation, one can write the electronic coupling J kk and the sums P k J kk ,
where A is the unit cell area. Assuming a simple Gaussianlike shape for the exciton absorption and emission spectra [16] , the Förster rate for exciton hopping reads:
where
h Þ defines the spectral overlap between k-state emission and k 0 -state absorption, Á Ss is the Stokes shift and P k the Boltzmann weighted population of k states of the donor and h ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2k B TÁ Ss p . In the case of narrow excitonic band or in the high temperature regime jE k¼0 À E k¼ð=AÞ j ( k B T, the excitonic states are equally populated with P k ffi ð1=NÞ. In this limit k F ffi 3 4 ffiffiffiffi ffi Similarly, if the dipoles are lying parallel to each other and in plane [ Fig. 1(b) ], i.e., for layers displaying J aggregate-like configurations, we obtain (taking for simplicity the direction of the x axis alongk): distance dependence is predicted for the hopping rate in the high-temperature-narrow-band regime. We should emphasize that in the case of equal populations among the 2D exciton states, identical results are obtained by assuming that the energy carriers are localized on molecular sites. Thus, the weaker decrease of the interlayer rate with distance compared to that predicted by Förster reflects the 2D delocalization of the exciton and/or the dimensionality of the acceptor aggregate [11] .
(ii) For an arrangement of the dipoles in a J aggregate, the k ¼ 0 state at the bottom of the exciton band that concentrates the entire oscillator strength is inactive in the ET process. The same conclusions apply for 1D molecular wires such as conjugated polymers. This particular feature in conjunction with the large band width promoted by through-bond interactions along the chains results in vanishingly small interchain excitonic coupling in polymers with extended conjugation [17] . (iii) The two types of arrangements yield different k-dependent contributions to the overall hopping rate: in both types of aggregates, J 2 kk ðE k Þ peaks in the middle of the band when the interlayer distance is comparable with the lattice spacing within the layer. However, for (larger) interlayer distances that are in line with anisotropic excitonic interactions in most organic crystals, the maximum occurs near the top of the exciton band for H aggregates, yet close to the bottom of the band for J aggregates. Those different behaviors of J 2 kk ðE k Þ are reflected in the temperature dependence of the hopping rate as only the states near the bottom of the energy band are populated at low T. We should emphasize that the model can be generalized to the case of two infinite layers with two molecules per unit cell. Dipole summation applied to nonequivalent molecules have the same form as Eqs. (2) and (4) and therefore do not change the results discussed above [18] .
To quantify the above dependencies, we have performed calculations on two model rectangular crystal layers each consisting of N ¼ 121 anthracene molecules (one molecule per unit cell) with transition dipoles either perpendicular (H) or parallel (J) to the plane of the layer. In what follows we have calculated the excitonic coupling V ij for each anthracene molecule i in the plane and all of the intraand interplane neighboring molecules j by applying periodic boundary conditions and using the distributed monopole approximation [19] that expresses V ij as a Coulomb interaction of atomic transition charge densities (calculated by combining the INDO Hamiltonian to a coupled cluster single and double, CCSD, formalism [20] ). Transfer rates k F ðTÞ were computed on the basis of Eq. (3) with a spectral overlap fixed to a T-independent value (in order to disentangle electronic and vibrational effects). The results are presented in Fig. 2 where all curves have been normalized to the ET rate value calculated in the case of equally populated excitonic states.
Although the overall T dependence will be affected by the coupling to the bath and the resulting homogeneous linewidth, Fig. 2 reveals a very strong asymmetry in k F ðTÞ between the two geometric configurations: the monotonic increase with T of k F in H aggregates arises from population of higher-lying k exciton states with significant J kk values. The same evolution is found for J aggregates at interlayer separations that are commensurate with the interlayer unit lattice parameters. At larger interlayer distances, however, the relative ET rate features a nonmonotonic evolution with a peak at intermediate temperatures. This can be rationalized by the shift towards lower k values at which J kk peaks as the interlayer distance increases. Hence, the higher population of the low-energy exciton states at lower temperatures promotes more efficient energy pathways and translates into higher ET rates.
We now turn our attention to simulations on the actual anthracene single crystal structure [21] that include both Jand H-like interactions. The INDO-CCSD excitonic couplings yield a Davydov splitting between the lowest x-polarized and y-polarized absorption bands of $200 cm À1 , in good agreement with the experimental value in the single crystal [15] . However, it is very likely that the electronic excitations in organic thin films are confined in space due to both extrinsic (chemical and structural defects) and intrinsic (coupling to phonons) factors. We have thus computed the rates between two identical anthracene layers as a function of the number of molecules within the clusters, see Fig. 3 . k F is found to increase with aggregate size and saturates after a few hundreds of molecules. This dependence is the result of a subtle interplay between thermal population of the initial exciton states, the number of molecules coherently coupled in plane and the distance between the layers. The rate would be vanishingly small for infinite layers, if only the lowest, bright exciton state (see Fig. 3 , open circles) would contribute (as is the case in conjugated polymers with large intrachain electronic bands, vide supra).
It is also interesting to explore the distance-dependent exciton hopping rates for layers of increasing size (see inset of Fig. 3 ). k F between two anthracene molecules reflects the expected 1=d 6 dependence for point to-point interactions while the exponent fitted to the distancedependent curve converges toward 3-3.5 in the 2D crystal limit. The deviation from the 1=d 4 law [9, 22] can be explained by the fact that low-lying optically forbidden states provide significant contributions to the hopping rate, as in the model J aggregates above.
To gauge the influence of exciton delocalization on transport properties, we have estimated the diffusion coefficient D and the diffusion length based on a ''randomwalk'' model:
. The value of strongly depends upon the nature and density of structural defects in the crystal; therefore, we use here the lower and upper bounds for anthracene thin films of 1 and 4 ns, respectively [21, 23] . The theoretical values for L D converge to $100 nm in the infinite layers for ¼ 1 ns and $200 nm for ¼ 4 ns (see Fig. 4 ). These are significantly larger than the values reported in the literature for oligoacene thin films (e.g., 70 nm in pentacene [1] ), which is partly due to disorder effects neglected so far in the calculations.
The influence of uncorrelated energetic (diagonal) disorder on the ET process is illustrated in Fig. 4 (inset) , which shows the average (over 500 disorder realizations) L D as a function of the standard deviation of the Gaussian energy distribution. As expected, disorder significantly reduces L D with typical values for in molecular crystals (0.05-0.06 eV) resulting in diffusion lengths that are 2-3 times smaller than in disorder-free molecular crystals and in the range of 65-110 nm.
In oligoacenes, the primary photoexcitations can be thought of as 2D excitons delocalized in plane, which act as the primary energy carriers for interlayer hopping motion. We have developed a simple model that, in the limiting case of defect free periodic structures, accounts for the salient features of such a transport regime and where the diffusion length is formulated analytically. In particular, for J aggregates, in case of very large intralayer interactions or very low temperature, only the bottom k exciton states contribute to the ET rate and result in very small k F values. For intralayer couplings that are much larger than their interlayer counterparts but yield exciton band widths commensurate with k B T (as typically found in oligoacenes in the range 100-300 K), k F is significantly enhanced compared to the single molecule hopping rate as a result of many contributing channels involving optically dark exciton states. We propose that, while the first scenario applies to conjugated polymers (that are a 1D analogue of intralayer 2D excitons with large band widths), small molecules adopting herringbone like structural arrangements such as oligoacenes thin films and crystals pertain to the second regime, thereby rationalizing the very different L D measured in the two types of materials. Quantum-chemical calculations in anthracene layers show a much weaker distance dependence of k F than that predicted from simple Förster hopping and L D values in excess of a few hundreds nm (brought down closer to the measured L D of $70 nm when accounting for diagonal energetic disorder). The method is general and can be applied to other oligoacene molecular crystals that display anisotropic couplings within and in between layers, given a correct description of the excited states at the quantum chemical level. For example, a more elaborate task would be to apply the model in pentacene where the charge transfer configurations contribute significantly to the lowest excited state [24] . Including such effects would essentially lead to a renormalization of the excitonic couplings.
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